The third-generation instrument for the 10-meter South Pole Telescope, SPT-3G, was first installed in January 2017. In addition to completely new cryostats, secondary telescope optics, and readout electronics, the number of detectors in the focal plane has increased by an order of magnitude from previous instruments to ∼16,000. The SPT-3G focal plane consists of ten detector modules, each with an array of 269 trichroic, polarization-sensitive pixels on a six-inch silicon wafer. Within each pixel is a broadband, dual-polarization sinuous antenna; the signal from each orthogonal linear polarization is divided into three frequency bands centered at 95, 150, and 220 GHz by in-line lumped element filters and transmitted via superconducting microstrip to Ti/Au transition-edge sensor (TES) bolometers. Properties of the TES film, microstrip filters, and bolometer island must be tightly controlled to achieve optimal performance. For the second year of SPT-3G operation, we have replaced all ten wafers in the focal plane with new detector arrays tuned to increase mapping speed and improve overall performance. Here we discuss the TES superconducting transition temperature and normal resistance, detector saturation power, bandpasses, optical efficiency, and full array yield for the 2018 focal plane.
INTRODUCTION
SPT-3G is the third survey instrument to be deployed on the South Pole Telescope, a 10-meter mm-wavelength telescope located at the Amundsen-Scott South Pole Station and designed for high angular-resolution observations of the cosmic microwave background. 1 A major upgrade over its predecessors, SPT-3G includes changes to several aspects of the telescope: 2,3 the secondary telescope optics were redesigned to accommodate a wide-aperture coupling that maximizes the illuminated focal plane area, new optics and receiver cryostats were built to house the larger lenses and detector cold stage, 4 and the readout electronics were replaced with a new system with a 4x-higher multiplexing factor. 5 To take full advantage of the increased focal plane area and readout capability, a new generation of detectors populate the focal plane.
The SPT-3G focal plane consists of ten detector modules, each containing an array of 269 trichroic, dualpolarization pixels on a monolithic 6-inch silicon wafer 6 (see Figure 1 ). Within each pixel, the sky signal couples to a broadband, dual-polarization sinuous antenna. The signal for each polarization is then divided into three frequency bands centered at 95, 150, and 220 GHz by in-line lumped element filters and transmitted via superconducting microstrip to Ti/Au transition-edge sensor (TES) bolometers, for a total of 16,140 detectors in the focal plane.
Send correspondence to D. Dutcher: E-mail: ddutcher@uchicago.edu SPT-3G achieved first light in January 2017. During its first year of operation, work continued to identify possible ways to optimize performance. In the austral summer season of 2017-2018, several improvements were made, including installing cold lenses with new anti-reflection coating, modifying the readout electronics, and replacing the SQUID transimpedance amplifiers with new low input-impedance versions. Significantly, all ten wafers in the focal plane were replaced with new detector arrays tuned to increase mapping speed and improve overall performance. In this paper we discuss the detector properties and on-sky characterization of the secondyear SPT-3G focal plane.
DETECTOR DARK PROPERTIES

TES Normal Resistance
The normal resistance of the TES, R N , is chosen to be sufficiently larger than any stray impedance in the bias circuit, such that the bolometer can be reliably voltage-biased, while remaining as low as feasible to minimize noise contributions to the readout. For a fixed detector saturation power, a smaller TES resistance requires a smaller voltage bias, which reduces current noise in the readout and decreases demand on the electronics producing the bias signals. In the frequency-multiplexing (fMux) readout scheme employed by SPT-3G, in which each TES is placed in series with an inductor and capacitor to form a resonant circuit, there is an additional motivation to keep R N low, as excessive resistance increases the bandwidth per channel and can lead to bias-leakage crosstalk between frequency neighbors. With stray impedances measured to be 0.3 Ω, 8 we have set target R N ∼ 2.0 Ω.
R N is primarily determined by the geometry of the 4-layer Ti-Au stack that make up the TES, 9 though it can be affected by other steps in the fabrication process. The detector wafers for SPT-3G were made across several batches, in which we slightly varied the thicknesses of the TES layers, such that variation in R N across the focal plane is expected. Measurements of R N with the fMux system are also subject to frequency-dependent transfer functions that must be corrected for (see Appendix A). The distribution of R N values is shown in Figure 2 ; while the last two of the wafers to be fabricated have a slightly higher resistance due to known issues with fabrication at that time, there is sufficient uniformity and proximity to 2 Ω across the focal plane for our purposes.
TES Transition Temperature
The desired superconducting transition temperature, T C , of the TES bolometers has a hard lower bound set by the base temperature of the cold stage, which in SPT-3G is approximately 270 mK (for more on the cryogenic design of SPT-3G see Ref 4) . T C should be high enough above the cold stage temperature such that TES performance is unaffected by small temperature fluctuations of the bath, but low enough that thermal fluctuation noise is subdominant to photon noise (see Figure 1 of Ref 9) . A critical temperature 1.5-2 times higher than the thermal bath is sufficient, with the exact value depending on the desired saturation power of the bolometers (see section 2.3). In order to obtain lower saturation powers for the second-year focal plane, target T C was lowered from 550 mK to ∼ 420 mK -480 mK, varying for successive batches of wafers according to the results of laboratory testing and achieved by altering the thicknesses of the Ti and Au layers in the TES stack. Representative T C measurements for each of these wafer groups from pre-deployment testing are shown in Figure 3 , and show good agreement with their target values.
Saturation Power
The saturation power, P sat , of a TES bolometer is the amount of applied power that will drive the TES out of its superconducting transition and into its normal resistive regime. Our target dark-detector saturation powers are twice the maximum expected optical loading, which in addition to dividing the total incident power roughly equally between optical power and electrical bias power, leaves a reasonable margin of error to avoid saturating the detectors without degrading noise performance or unnecessarily increasing the dynamic range requirements of the electronics. With reasonable assumptions about the detectors' performance we expect ∼ (5, 7.5, 10) pW of optical loading at (95, 150, 220) GHz, 4 yielding target unloaded P sat values of ∼ (10, 15, 20) pW, respectively. The P sat s of the 2017 focal plane were generally higher than this, 3 in part to allow for excess loading should it be higher than expected in new instrument. The first year of operation showed our optical loading to be approximately as-calculated, so we could benefit from lower P sat detectors. As the bolometers' thermal conductance was already maximally low given constraints on the dimensions of the legs supporting the bolometer islands, we lowered P sat for the second year focal plane by decreasing T C , as detailed above.
Measurements of P sat taken on-telescope are shown in Figure 4 . Compared to analogous data from the previous year, they show a decrease in median focal plane P sat of (11, 14, 14) pW at (95, 150, 220) GHz. While these data were taken with optical loading on the detectors, each wafer includes several bolometers intentionally Each wafer has several bolometers that were intentionally left uncoupled to their pixel's antenna; the median value of these dark bolometers' P sat are plotted as black stars. The difference between the optical and dark bolometers is a measure of the optical loading on the detectors. left uncoupled to their pixel's antenna, and the medians of these dark bolometer P sat s are marked with stars in the bottom row of Figure 4 . The average dark P sat values for the three detector bands are (12, 14, 14) pW.
OPTICAL PROPERTIES
Time Constants
The bolometers need to respond to incident radiation fast enough to resolve arcminute-size features at the desired scan speed of the telescope, while being slow enough to be stably operated under negative electrothermal feedback. The former restricts the bolometers' time constants in operation to be smaller than 16 ms, while the latter requires them to be larger than ∼ 0.50 ms. 10 The speed at which the bolometers can absorb heat and then re-equilibrate is set by the heat capacity on the bolometer island and the thermal conductivity of the legs supporting the island. When the TES is lowered into its transition and operated under negative feedback, this natural time constant τ 0 is sped up by the loopgain of the electrothermal feedback.
10 Thus the effective time constant τ ef f of the detectors in operation depends not only on properties of the TES and its thermal connection to the bath, but also on the steepness of the superconducting transition at the point at which the TESs are operated.
The bolometers' optical time constants are measured in situ using a chopped thermal source located behind an aperture in the telescope secondary mirror. 11 The amplitude of the bolometer response as a function of chopping frequency is then fit to a single-pole low-pass filter model, and the measurement is repeated with the detectors lowered to different depths in their transitions, specified as a fraction of the TESs' normal resistance. We see a ∼30% decrease in median focal plane τ ef f going from 0.9R N to 0.8R N with a further ∼10% decrease at 0.7R N , after which τ ef f levels off. There is wafer-to-wafer variation that causes the distribution of τ ef f values to be somewhat broad, as seen in Figure 5 , but all values are within the acceptable range. For the first half of 2018 we tuned all detectors to 0.7R N , but as each TES can have its tuning parameters adjusted individually, there is room for yet further optimization.
Linearity
The SPT-3G survey field is a 1500 square-degree patch extending 30
• in declination and 6 h 40 m in right ascension. As the telescope moves in pointing elevation, the change in airmass alters the amount of optical loading from the atmosphere on the detectors, shifting the point in their transitions at which the TESs operate. If detector response is not sufficiently linear, this will cause systematic differences in their response between the top of the field and the bottom. To measure the linearity of the detectors over this range, we step the telescope through a series of elevations while illuminating the focal plane with a chopped thermal source. As in Ref 12, we quantify linearity as the maximum percent change in bolometer response over the elevation range, measured across several days in order to reduce the effect of atmospheric variability. Over the full 30 degrees in elevation, we find the median variation across each band to be 2.7%, 4.3%, and 1.2% at 95, 150, and 220 GHz, respectively.
While these values show the detectors to be reasonably linear across the full range, the prospect of more uniform performance and other considerations, including uniform depth across a non-rectangular field and changes in telescope focus with elevation, drive us to divide the field up into four equal-height subfields. Figure 6 shows the stability of the detectors' response from 62 to 70 degrees in elevation, approximately corresponding to the SPT-3G subfield closest to zenith. The linearity is excellent, with a median variation across each band of 0.77%, 0.87%, and 0.35% at 95, 150, and 220 GHz. Performance degrades slightly as the telescope points closer to the horizon and the TESs are raised to the less-linear portion of their transition. To mitigate this, we re-tune the detectors to 0.7R N midway through the 1500 square-degree observation, such that linearity is approximately uniform across the full field.
Bandpasses
The detector bandpasses were chosen to fit within the atmospheric transmission windows centered near 95, 150, and 220 GHz, and are achieved via three-pole quasi-lumped-element filters connected to the broadband antenna within the pixels on the detector wafers. We measured the detector bandpasses at the South Pole with a compact Fourier Transform Spectrometer (FTS) mounted on linear actuators and coupled to the optics cryostat window via a mylar beam splitter. 11 The output beam of the FTS is designed to match that of a single pixel; however, we found we could get a high signal-to-noise measurement in surrounding detectors with negligible difference in spectral response. This decreased the number of FTS pointings required to obtain a good sampling of detectors across the focal plane. Each wafer has an average of 365 measured detector spectra.
The raw spectra need to be corrected for frequency-dependent factors in the FTS measurement, namely the ν 2 emission spectrum of the blackbody source used as an input to the FTS and the ν 2 reflection of the mylar beam splitter. These corrected spectra are plotted in Figure 7 and summarized in Table 1 ; in general the bands match designed specifications and show excellent consistency with those measured in the previous year. Additional frequency-dependent transmission factors internal to the telescope cause the measured bandpass shape to differ from simulation, including the pixel beams' throughput AΩ, spillover onto the cold Lyot stop, and transmission through the cold optical elements. In particular, the measured difference in the 220 GHz bandpass between 2017 Figure 6 : The fractional change in bolometer response to a chopped thermal source as the telescope moves through 8 degrees of elevation, slightly larger than the height of each SPT-3G subfield. Bolometers are initially tuned to 0.7R N .
and 2018 is likely due to a change in the anti-reflection coating used on the cold lenses; see elsewhere in these proceedings for a more thorough discussion.
4,7
Detector Band Table 1 : Array-averaged bandpass parameters, in GHz. The band edges are defined at 25% of the peak response.
Optical Efficiency
Measurements of detector optical efficiency primarily come from pre-deployment testing in laboratory cryostats. A temperature-controlled blackbody radiation source is installed in the cryostat directly in front of the detector array, and is stepped through a temperature range of approximately 5 K -20 K. The expected change in optical power is then compared with the change in electrical bias power needed to bias the detectors at a fixed depth in their transition. Detector efficiencies as measured on one wafer are consistent with wafers on the previous focal plane 11 and are approximately uniform across the three bands at 0.84 ± 0.06. Many factors must be carefully accounted for to obtain an absolute measurement of optical efficiency, including frequency-dependence in the cold electronics transfer function and the transmission of low-pass filters between the thermal source and the detectors. Since all detectors are ultimately calibrated against a known thermal source on the telescope, laboratory measurements of optical efficiency are more useful for detecting large differences within a wafer or between wafers due to errors in fabrication. These relative measurements show all fielded wafers to have similar performance.
Optical efficiency measurements taken on the telescope, done via observations of an astronomical source of known flux, include the effects of transmission through all the elements in the optical chain, such as the cold alumina lenses and their AR-coatings, in addition to the detectors. These end-to-end measurements are discussed in more detail elsewhere in these proceedings, 4 but their results are generally consistent with the efficiency numbers presented here. 
Polarization Response
Characterization in laboratory cryostats has shown the polarization efficiency of SPT-3G pixels to generally be >90%, 11 but per-detector polarization angles still need to be measured on-telescope. For the SPTpol camera, polarization calibration was done primarily via a polarized source positioned 3 km away from the telescope.
12
For SPT-3G, we plan to obtain polarization angle measurements via observations of a polarized astronomical source, Centaurus A (Figure 8 ). Cen A is a radio galaxy with a bright compact nucleus and collimated jets that expand into large radio lobes, the polarization properties of which have been previously measured at roughly the angular scale and frequencies of interest from the South Pole by the QUaD experiment, 13 finding one of the radio lobes to have a polarization fraction of about 20%. Final polarization calibration will include cross-correlating with other CMB experiments, including SPTpol and Planck.
YIELD
There are 16,140 bolometers in the SPT-3G focal plane, though the design of the detector wafers and other cold components limit the number of wired bolometers to 15,720. For the 2018 focal plane 10% of these were either open or shorted to another detector at room temperature. While we choose to not attempt to operate these bolometers, if the ∼MΩ resistance of an open detector becomes superconducting once cryogenic or the ∼kΩ short between detectors does not become superconducting once cryogenic, those bolometers are in principle recoverable. Bolometers channels that do not show a resonance near the expected frequency in a network analysis (see e.g. Ref 8) due to a break in the cold circuit chain cause another reduction in yield; see Table 2 . Small gains can be made via manual verification of the network analysis results. To quantify on-sky bolometer yield we take the number of detectors that pass a signal-to-noise cut on their response to a chopped calibration source. This eliminates dark bolometers (2% of identified resonances) as well as TESs that do not show a transition or are otherwise abnormal and thus dropped from array tuning. Approximately 11,400 bolometers have passed this cut to date, with 8% fewer passing in a typical observation. The distribution of live bolometers is shown in Figure 9 . Table 2 : Bolometer yield for SPT-3G 2018 focal plane. "Biased" denotes detectors that we attempt to operate, which excludes e.g. TESs that do not show a transition or that have a resonant peak overlapping another detector. "Optically responsive" includes bolometers that have passed a signal-to-noise cut on their response to a chopped calibration source. 
CONCLUSION
The second year of SPT-3G operation includes several improvements to the instrument, including a brand new focal plane with detector wafers better tuned for optimal performance. Improved fabrication techniques for the Ti-Au TES have allowed the transition temperature and saturation powers of the bolometers to be fine-adjusted to approach our target values. Other parameters of the detectors, such as TES normal resistance, bolometer time constants, filter bandpasses, and detector optical efficiency, were already within acceptable ranges and remain so in the new detector wafers. SPT-3G began a five-year survey of a 1500 square-degree field in March 2018.
APPENDIX A. CORRECTING RESISTANCE MEASUREMENTS
Dedicated four-wire measurement of TES resistance for SPT-3G can only be conducted on a small number of test structures or fragments of detector arrays broken for this express purpose, 9 whereas R N measurements utilizing the fMux system are made on every TES in the focal plane as part of regular operation. However, the latter is subject to impedances in the cold wiring and frequency-dependent transfer functions that do not affect the former; four-wire measurements of TESs from a range of wafer radii show R N to be uniform within 0.1 Ω, while values obtained during regular operation exhibit significantly more spread.
One factor contributing to this increased variation is the effect of alternating the order of the lithographed inductor and capacitor on the monolithic resonant filter (LC) chip. The checkerboard pattern increases the spatial separation between inductors to reduce crosstalk via mutual-inductance, 14 but the LCR and CLR orderings also create two distinct frequency-resistance transfer functions. This general behavior can be reproduced in circuit simulations by modeling each distributed inductor and capacitor element as having a ∼1 pF capacitive coupling to the ground plane of the LC chip, which in turn is coupled to cryostat ground. The average of resistance measurements from all LC chips was used to empirically construct a bolometer channel-resistance relation, shown in Figure 10 , that can be utilized to give more accurate measures of TES normal resistance with this implementation of the fMux system. Figure 11 shows measurements of R N for one of the SPT-3G detector wafers. The upper panel shows uncorrected values in which the spread in R N is apparent, as is the pronounced bimodality in the 220 GHz bolometers. The lower panel shows the same data after correcting for the frequency-resistance relation; though some residual scatter remains, the distribution of R N is much tighter, no longer bimodal, and doesn't display any notable difference between detector bands. The absolute calibration of this correction is set by two 1 Ω resistors on the LC boards, and after correcting for the measured ∼ 0.3 Ω stray resistance yields R N distributions approximately matching the few number of 4-wire measurements that were performed. More precise numerical results based on circuit simulations is a subject for further study, but for future chips it is recommended to shift the rows of filter elements with respect to each other instead of alternating the order of the circuit elements, as this will achieve the same crosstalk mitigation without the additional transfer function. Normal resistance measured on one detector wafer before correcting for the LCR − CLR transfer function (top) and after the correction is applied (bottom). Post-correction the distribution is less broad and no longer bimodal within each detector band.
